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Heralded single photon sources (HSPS) from spontaneous parametric down-conversion are widely used as single photon
sources. We study the photon number statistics of an HSPS carrying orbital angular momentum in our laboratory and
observe the sub-Poissonian statistics using only photo detectors and an oscilloscope.
I. INTRODUCTION
Photon is a prominent qubit candidate in quantum infor-
mation processing (QIP). Most of these applications require
a single photon source (SPS) which will provide an “on-
demand", deterministic supply of photons. Such ideal SPSs
can be realized in crystal color centers1, quantum dots2 sin-
gle atoms3, single ions4, and single molecules5. Photon being
an indivisible quantum of energy and the consequent impos-
sibility of copying associated information from an unknown
arbitrary state makes single photon sources an ideal choice for
quantum information processing, secure communication, and
metrology. Spontaneous parametric down-conversion (SPDC)
is one of the most widely used processes to generate single
photon sources as it provides a robust and bright source at
room temperature6. In this process, a pump photon is down-
converted in frequency in a χ(2) nonlinear crystal to a pair of
photons, conventionally called as signal (s) and idler (i). The
detection of one photon from the pair heralds the presence
of another, and this conditioned detection serves as a tech-
nique for generating single photon sources. SPDC is also im-
portant in QIP as a bright source of entangled photon pairs7
and thus finds applications in quantum teleportation8, quan-
tum cryptography9, and quantum dense coding10.
A single photon source shows non-classical properties
such as sub-Poissonian photon number distribution and anti-
bunching. The inherent thermal nature of the photon distribu-
tion in the individual arms (i.e., signal or idler) evokes the pos-
sibility of occurrences of multiple photons and hence would
qualify the source as less quantum than it is expected to be.
The occurrence of multiple photon pairs and consequent pho-
ton bunching threatens the security in cryptography related
applications. Thus, it is important to study and quantify the
non-classicality of the single photon sources being used. A
general classification puts the sources into three categories,
super-Poissonian, Poissonian and sub-Poissonian according
to the photon number distribution. Classical sources, like
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thermal and coherent radiation, show super-Poissonian and
Poissonian statistics respectively while a non-classical source,
such as a single photon source, shows sub-Poissonian distri-
bution. Violations of bounds defined for the number statistics
of classical sources imply the non-classical behavior of single
photon sources11–14. Photon antibunching is another manifes-
tation of the non-classical behavior of the source and can be
observed through the measurement of the degree of second-
order coherence, g(2)(τ). Single photon sources show anti-
bunching and hence g(2)(0) falls to zero. Though antibunch-
ing and sub-Poissonian statistics are completely non-classical
effects and tend to occur together in many systems, they are
distinct effects and need not necessarily be associated with
one another15,16. For a heralded SPS, antibunching can be ob-
served using a heralded Hanbury Brown - Twiss (HBT) type
experiment17,18. Twisted single photons carrying orbital an-
gular momentum (OAM) is gaining interest in quantum infor-
mation processing as they provide infinite number of orthog-
onal states to encode information19,20. The statistical second
order correlation of classical beams21,22 as well as photons23
carrying OAM has already been studied. In the present work,
we verify the sub-Poissonian nature of heralded single pho-
tons generated in parametric down-conversion having Gaus-
sian as well as higher order OAM using a simple setup con-
sisting of photodetectors and an oscilloscope.
II. THEORY
One can define an ideal single photon source as a Fock
state for which the number statistics gives mean, µ = 1 and
variance σ2 = 0. Treatment of the electromagnetic field as
a quantum harmonic oscillator allows us to define quadrature
field operators, Xˆ1 and Xˆ2, which can be shown to follow the
uncertainty relation24, 〈∆Xˆ21 〉〈∆Xˆ22 〉 ≥ 1/16 . The minimum
uncertainty state, with 〈∆Xˆ21 〉= 〈∆Xˆ22 〉, is the coherent state,
|α〉= exp−|α|
2
2
∞
∑
n=0
αn√
n!
|n〉 (1)
which defines a Poissonian distribution of photon number25,
n, with 〈(∆nˆ)2〉 = 〈nˆ〉. Squeezing these states in terms of
number or phase is achieved when the respective variance is
less than that corresponding to the coherent state. The photon
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2number variance can be written as,〈
∆nˆ2
〉
= 〈nˆ〉+ 〈aˆ†aˆ†aˆaˆ−〈aˆ†aˆ〉2〉 (2)
where aˆ and aˆ† are the annihilation and creation operators.
Based on the variance, the Mandel Q-parameter26 is defined
by,
Q≡ 〈aˆ
†aˆ†aˆaˆ−〈aˆ†aˆ〉2〉
〈aˆ†aˆ〉 =
〈(∆nˆ)2〉−〈nˆ〉
〈nˆ〉 (3)
It classifies light sources on the basis of photon num-
ber fluctuations. Q ≥ 0 for coherent and all other classical
sources of light while sub-Poissonian light is identified with
Q< 026,27.
III. EXPERIMENT
The experimental setup used for building the statistics of
the heralded single photon source is given in Fig.128. A 405
nm diode laser (Toptica iBeam Smart, 5 mW) is used as a
pump to generate photon pairs from a Type-I BiBO crystal
(Castech, 5 mm thickness). The polarization of the pump
is oriented along the crystal axis using a half-wave plate.
The output pairs are spectrally filtered using interference fil-
ters of passband 810± 5 nm to rule out the non-degenerate
pairs. Two diametrically opposite regions are selected from
the cone of correlated pairs of photons generated in the Type-I
SPDC. These individual arms (signal and idler) are then colli-
mated and coupled to a multimode fiber (ThorLabs, M43L02)
through a fibre coupler (CFC-5X-B).
FIG. 1. Experimental setup to determine the photon number statistics
of the heralded PDC source. HWP - half wave plate, BiBO - non
linear crystal, BD - beam dump, IF - interference filters, FC - fiber
couplers, SPCMs - single photon counting modules. Different OAM
orders can be imparted to the heralded single photon by placing SPPs
of different orders in pump and projecting idler photon in a single
mode fiber.
The individual signal and idler photons are detected us-
ing single photon detectors. We have used two single pho-
ton counting modules (SPCM, Excelitas SPCM-AQRH-16-
FC) placed in both signal and idler arm for the detection of
the photon pairs. Photomultiplier tubes (PMTs), which will
be more common in laboratories than an SPCM also can be
used for the detection. The coincidences are maximized by
optimizing the coupling to the fiber. The SPCM (or PMT)
generates a TTL pulse in response to each photon incidence.
However, the total number of photon incidences that can be
recorded by a detector is limited by the detector dead time (22
ns for the SPCM used).
The output waveform from each arm of the SPDC is
recorded using a digital oscilloscope (Infiniium 90000A se-
ries) for an exposure time of 20.5 ms. 10 iterations of such
time series have been recorded to calculate the Q-parameter.
Each iteration records a time series of 20.5 Mpts and a resolu-
tion of 1 ns. Oscilloscopes with lower specifications can also
be used but with compromising the length of the time series
to be captured and time resolution. The output from the de-
tectors, as observed through the oscilloscope, consists of TTL
pulses corresponding to photon incidences. Since the photon
counters are not photon number-resolving, the output pulses
can correspond to the incidence of one or more photons. The
single photon detectors/PMTs produce an electrical signal in
response to the absorption of light energy. It is important to
choose intensity of the source and measurement window such
that the detector measures one photon on an average for each
incidence of the signal. The pump is kept in the low power
regime (pump power = 1 mW) in order to avoid such scenar-
ios due to the possible multiple photon generations29.
FIG. 2. Converting the signal to a binary time series. The average
photon number is dependent on the size of the binning window.
In order to build the statistics, the detection events at the
photo diodes are counted within a defined time interval (bin-
ning window) and the distribution of the number of such oc-
currences is obtained. This is done by converting the analog
output from the oscilloscope into a series of 1s and 0s which
corresponds to the presence or absence of a detection. We
built a MATLAB code which identifies an event pulse in the
oscilloscope output time series and labels its onset as 1 and
the rest of the series as 0. This generates a binary time series
of events in terms of the occurrences or non-occurrences of
photon detection (Fig.2). A probability distribution of events
is built from this generated time series.
The time series of binaries generated for both the signal
and idler are then sliced into smaller binning windows in such
a way that statistically one detection falls in a bin. The num-
ber distribution is developed for these individual arms. A new
3time series corresponding to the coincidences of photon pairs
is developed from the time series corresponding to signal and
idler, in a way that a count is observed in one arm (within the
coincidence window, τc = 1 ns) given a detection in the other
arm. The number distribution of this new time series corre-
sponds to the statistics of the heralded single photon source
from SPDC. The matlab code to build the statistics from the
recorded time series is shared in GitHub repository for open
access30.
Twisted single photons of different orders are obtained in
SPDC by pumping with optical vortices of different orders
and projecting the idler photon in a single mode fiber and
hence selecting only those with OAM, l =0. Due to OAM
conservation in SPDC, this will result in only those signal
photons which have the same OAM as the pump contributing
to the coincidence counts31. Hence, a photon number distri-
bution obtained for the coincidence events will correspond to
the number statistics of single photons carrying OAM.
IV. RESULTS AND DISCUSSION
Initially, to see the photon number distribution for a classi-
cal source, we select a coherent laser source (Thorlabs 2mW
HeNe, 632.8 nm). The intensity is attenuated such that the
detected photo-counts are below the saturation level of the de-
tectors. The time series of events recorded using an oscillo-
scope was converted into a binary series of photon incidence
events.
FIG. 3. Photon number distribution for a coherent source. Mean
photon number is approximately equal to the variance.
A counting histogram that gives the probability of detection
of n events within the corressponding time bin is generated
for this time series that shows Poissonian distribution (Fig.3).
For a time bin width such that an average number of 1 photon
falls within the bin (µ = 1), the variance (σ2) is determined
to be 1.06. The Q-parameter is 0.06 which is close to zero as
expected for a Poissonian distribution of photon numbers.
In the same way, photon number histograms are generated
for the individual arms of the down-converted pairs of photons
(Fig.4). For an average photon number µ = 1, the variances
were 1.24 and 1.28 respectively for the signal and idler arms
which are significantly apart from that corresponds to a Pois-
sonian distribution. The Q-parameter is 0.24 and 0.28 respec-
tively. This super-Poissonian behaviour is expected since the
individual signal and idler photons from the down-conversion
process are in a thermal state32–34.
FIG. 4. Photon number distribution for thermal photons in the in-
dividual idler (top) and signal (bottom) arms of the down converted
pairs.
For the heralded single photon source, the number statistics
is built from the binary series of coincidences generated by
post-processing the recorded events of individual signal and
idler photons (Fig.5). For µ = 1, the variance (σ2) for this
source is calculated to be 0.9. The Mandel Q-parameter comes
out to be −0.10. The negative value of Q is indication of
the sub-Poissonian behavior of the source. A set of repeated
measurements reveals the average value, Q = -0.099 ± 0.004
for a heralded SPS generated using a Gaussian pump profile.
Q-parameter for the heralded single photons having differ-
ent OAM, obtained by pumping with an optical vortex and
projecting the idler arm to l = 0, are given in Table I. Time se-
4FIG. 5. Photon number distribution for a heralded single photon
source.
ries of photon detection events of length 20.5 ms are recorded
using the oscilloscope. 10 such iterations are recorded to de-
termine the Q-parameter within statistical errors. For heralded
single photons, it is found to violate the classical bounds of
number statistics (i.e., Q ≥ 0) by tens of standard deviations
for photons carrying different OAM. The Q-parameter is ob-
served to decrease with increasing order of twisted photon
OAM. This can be attributed to the reduction in the number
of coincidence events with higher order pump as the singles
in the idler arm (with l = 0) decreases with pump order35.
Twisted photon
OAM, l Q-parameter
0
− 0.099
± 0.004
1
− 0.101
± 0.001
2
− 0.103
± 0.003
3
− 0.106
± 0.004
TABLE I. Mandel Q-parameter obtained for the photon number dis-
tributions of twisted single photons having different orders generated
in parametric down conversion.
V. CONCLUSIONS
Conventional quantum optics experiments to determine the
non-classical statistical behavior of single photon sources in-
volve time-to-digital converters along with associated post-
processing. Here, we introduce a simple technique to build
the number statistics of heralded single photon source using
a digital oscilloscope. The signal and idler in the SPDC out-
put are detected and registered in the oscilloscope. From the
recorded data, a time series corresponding to the coincident
detections and the corresponding number distribution are ob-
tained. In this way, one can observe the sub-Possonian behav-
ior of the photon number statistics of the source using a set of
detectors and an oscilloscope available in almost all the op-
tics laboratories. We also show that in this way we can deter-
mine the number statistics of heralded single photons carrying
OAM and thus can characterize them for further applications
involving OAM of single photons.
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